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The integration of polyoxoanions into functional thin films is of major interest to increase their use as
catalysts or to provide new properties to the films. The incorporation of polyoxoanions in
polyelectrolyte multilayer (PEM) films has been widely used for such aims. In most investigations, the
polyoxoanions were used as a component of the layering process and there is only limited work
investigating the interactions of polyoxoanions with preformed PEM films. Herein, we investigated
the incorporation of the 30-tungsto-5-phosphate [P5W30O110]
152 polyoxoanion into PEM films made
from hyaluronic acid (HA) and poly(allylamine hydrochloride) (PAH) as a function of the
polyoxoanion’s concentration. Surprisingly, we found an increased amount of incorporated
[P5W30O110]
152 upon a decrease in its bulk concentration. Confocal Raman microscopy allowed us to
investigate the concentration profile of the polyoxoanion across films of about 3 mm in thickness.
Homogeneous distribution was only found for films fed with polyoxoanions at the lowest bulk
concentration, namely 1.2 6 1026 M, whereas the films fed with solutions at higher concentrations
(1.2 6 1024 M) showed local enrichment in POM at the film–solution interface. We explain the lower
amount of incorporated polyoxoanion at high bulk concentration by the formation of a
polyoxoanion-rich barrier reducing further diffusion of the anions in the deeper part of the films.
Introduction
Polyoxometalates (POMs) have been known since the early 19th
century.1 The synthesis, structure and properties of these metal-
oxo cluster compounds have been increasingly investigated.2,3
The discovery of their possible self-assembly in solution to
yield super-large hollow capsules4,5 has shown that POMs are
excellent building blocks for the design of supramolecular
materials and, at the same time, they have allowed elucidation
of the mystery of molybdenum blue solutions.6 In addition to
their fundamental interest in inorganic chemistry, POMs find
potential applications in catalysis,7 in medicine as possible anti-
cancer and anti-viral agents,8–10 and also in surface science. The
deposition of POMs at interfaces has been recently reviewed.11
This can be performed either by chemisorption,12 by entrapment
in polymer matrices, by Langmuir–Blodgett deposition (LB),13
and by the layer-by-layer (LBL) deposition technique.14–22 Both
the LB and LBL deposition methods are possible owing to the
anionic nature of POMs.
From a general point of view, LBL deposition23 may be driven
by attractive electrostatic interactions, hydrogen bonding,24
electron donor–acceptor interactions,25 specific biomolecular
interactions,26 as well as host–guest interactions.27 Moreover, a
wide range of LBL deposition methods can be implemented,
going from alternate dipping in solutions of the mutually
interacting species, to spin coating,28 spray coating29 and the
dewetting method.30 LBL deposition therefore offers a versatile
tool to modify surfaces in fields as diverse as anticorrosion,31,32
nanoelectronics,33 sensors,34 and active coatings. In the latter
two domains, LBL films containing POMs are particularly
attractive because they may exhibit reversible electrochromism.
POM-containing LBL polyelectrolyte multilayer (PEM) films
constitute a particular kind of nanoparticle-based coatings.
Nanoparticles can be incorporated either as one of the two
components in the alternated deposition process, or they can be
post-loaded into a preformed PEM film acting as a host matrix.35
The latter strategy is possible owing to an ion exchange
mechanism.36 The feasibility of loading the wheel-shaped 48-
tungsto-8-phosphate [H7P8W48O184]
332 in a PEM film comprised
of polycationic poly-L-lysine (PLL) and polyanionic hyaluronate
(HA) was demonstrated.37 In particular, the POM loading
efficiency, defined as the ratio of oxidation current to film
thickness, was found to be 116 1029 A nm21 by post-loading and
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37 6 1029 A nm21 for films built up step-by-step by alternating
depositions of POM and PLL (with 2.46 1025 M POM solutions
in both cases). This shows that post-loading allows roughly similar
loading as regular LBL deposition. Another interesting finding in
that previous study was that the loading of a (PLL–HA)10 film
with [H7P8W48O184]
332 was maximal at an intermediate concen-
tration of 2.4 6 1025 M, as established by UV-vis spectroscopy
and cyclic voltammetry measurements of the POM surface
concentration.
In addition to the loaded amount, the in-depth distribution of
POMs within the PEM films may constitute an important feature
for optimizing film properties and applications. The design of
gradients of sensing elements within coatings intended for
biosensing applications, for instance, would be of particular
interest, as they would allow a sigmoidal response as a function
of analyte concentration.38 Sensors based on such a concept
basically respond to analytes only above a critical concentration
corresponding to the inflection point of the sigmoidal curve.
PEM films comprised of poly(diallyldimethylammonium chlor-
ide) (PDADMAC) and poly(acrylic acid) (PAA) were recently
shown to allow for very slow incorporation of single-walled
carbon nanotubes (SWNTs) (coated with sodium dodecyl
sulfate), and the SWNTs were found to be located preferen-
tially at the uppermost part of the film.39 To obtain a more
homogeneous loading with SWNTs, the PEM films had to be
removed from their substrates as free-standing films before
incubation in the SWNTs suspension.39
Here, we report on the post-loading of the disc-shaped
polyanion [P5W300110]
152 ({P5W30}, see Fig. 1)
40 into PEM
films comprising polycationic poly(allylamine hydrochloride)
(PAH) and polyanionic HA, produced by the alternate dipping
method. The aim of this work was to generalize the unusual
dependency of post-loaded POM amounts with respect to
solution concentration, and to investigate the corresponding
in-depth distributions of POM within the PEM films. The films
will be denoted as (PAH-HA)n, where n stands for the number of
deposition cycles. The main physicochemical properties of
{P5W30} are given in Table 1. We choose this particular POM
because of its high stability in a broad pH window between 0 and
11 as shown in the literature.40 One should note the high
surface charge density of {P5W30} (1.9 6 10
18 elementary
charges per m2).
To our knowledge, this investigation is the first aimed to
investigate the distribution of nanoparticles, here polyoxoanions,
after diffusion for a given amount of time (24 h and 7 days) in
‘‘exponentially growing’’ polyelectrolyte multilayer films as a
function of the polyoxoanion concentration. The observation of
gradients in the concentration of nanoparticles or SWNTs in the
direction perpendicular to the substrate onto which the film is
deposited is rather common39 but the way to control such
gradients remains unknown. Herein we use confocal Raman
microspectroscopy to investigate the distribution of the poly-
oxoanions in films having a thickness close to 3 mm.
Results and discussion
We first measured the kinetics of interaction of {P5W30} with
(PAH-HA)10 PEM films (Fig. 2). The adsorption onto, or
permeation into the films was a slow process and reached a plateau
only after 24 h in the case of the lowest concentration investigated
(2.4 6 1027 M). Surprisingly, the steady-state increase rate of
absorbance at 230 nm is maximal for the lowest concentration
investigated. Moreover the amount of POM immobilized on/in the
film at the steady state of the kinetics significantly increases with
decreasing POM solution concentration (Fig. 3).
Fig. 1 Ball-and-stick representation of the 30-tungsto-5-phosphate
[P5W30O110]
152 ({P5W30}) polyoxoanion. Purple: phosphorus; black:
tungsten; red: oxygen.
Table 1 Physicochemical properties of Na15[P5W30O110]?31H2O
({Na–P5W30})
Molecular mass/g mol21 8333
Approximate diameter/nm 1.6
Structural chargea 215e
Charge density/e m22 b 21.87 6 1018
Molecular extinction coefficient
(l = 230 nm)/L mol21 cm21 c
3.49 6 105
a Given by the number of sodium counter cations present in the crystal
structure. Upon dissolution in aqueous solution, here in sodium acetate
buffer (10 mM, pH 4) with 0.15 M NaCl, the effective charge may be
lower owing to incomplete dissociation of the counter cations.
b Calculated by dividing the polyanion charge by the surface of a
sphere having the approximate diameter of {P5W30}.
c Obtained from
calibration curves by UV-vis spectroscopy, with {P5W30} dissolved in
sodium acetate buffer (10 mM, pH 4) with 0.15 M NaCl.
Fig. 2 Kinetics of {P5W30} adsorption onto/ incorporation into (PAH-
HA)10 films from POM solutions at ( ) 2.46 10
24 M, ( ) 1.26 1024 M,
(&) 1.2 6 1025 M, (#) 1.26 1026 M, ($) 2.46 1027 M, as followed by
UV-vis spectroscopy. Lines are added to guide the eye.
RSC Adv. This journal is  The Royal Society of Chemistry 2012
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From ellipsometry, the thickness of a (PAH-HA)10 film
measured in the dry state increases by only 3% (from 146 to
150 nm in the dry state) upon 24 h contact with 2.4 6 1024 M
{P5W30}, and by 14% upon contact with 100-fold less
concentrated, 2.4 6 1026 M {P5W30}.
In order to verify that the decrease of the loaded amount of
{P5W30} with increasing concentration was not only an apparent
result due to a possible destructive effect of the POM on the PEM
film, we compared the ATR-FTIR signatures of a (PAH-HA)30
film before and after treatment with the POM (Fig. 4). This film is
about 900 nm in thickness in the wet state, hence slightly thicker
than the penetration depth of the IR beam in the film at
1600 cm21, hence if some erosion would occur at the film/solution
interface, it should be detected as a decrease in the intensity of the
Amide I band. On the contrary the intensity of the Amide I and II
bands increase slightly upon incorporation of {P5W30} which
could be due to some increase in polyelectrolyte concentration.
This is not unrealistic taking into account that the film thickness
and hence its volume are almost unaffected during the incorpora-
tion of the POMs. The IR spectra also reflect the appearance of
new bands in the 900–1000 cm21 wavenumber range which can be
attributed to the presence of {P5W30}in the film. Clearly, no
detectable film destruction occurred upon contact with the most
concentrated POM solution (1.2 6 1024 M), otherwise the
characteristic bands of polysaccharides (1000–1200 cm21), the
Amide II (1350–1500 cm21) and Amide I bands (1600–1700 cm21)
would have decreased in absorbance compared to the reference
spectrum of the native (PAH-HA)30 film.
The decrease in {P5W30} loaded amount with increasing
concentration is a counter-intuitive finding, since adsorption/
incorporation phenomena usually display a monotonous
increase of the deposited amount with increasing the concen-
tration of the adsorbing species up to a plateau corresponding
to substrate saturation.41 Together with the unexpected
incorporation behaviour of [H7P8W48O184]
332 into (PLL-HA)n
LBL films described in our previous work,37 our results tend to
generalize the unusual relationship between post-loaded
amounts of POMs and solution concentration. We can reason-
ably hypothesize that the reduced amounts of incorporated
{P5W30} at the highest solution concentrations could be due to
the creation of a barrier decreasing the ability of the POM to
diffuse deeply within the LBL architecture. This barrier must
not appear or must be less compact at the lowest POM
concentrations. We assume that the affinity of the POM for the
film is so high, owing to the positive Donnan potential
displayed by (PAH-HA)n films,
42 that every POM remains
trapped within the film as soon as it finds a ‘‘binding site’’.
When the POM solution concentration is high, many POMs are
trapped in the upper part of the film which, in turn, hinders the
diffusion of further incoming POMs deeper into the film.
According to this model, homogeneous filling of the PEM with
POMs is expected at low solution concentration (in the mM
range), while a decreasing gradient of POM concentration from
the film–solution interface to the substrate–film interface should
appear at higher solution concentrations (in the 100 mM range).
Such enrichment of the template–solution interface was already
described in the case of cationic peptides permeating into
microgels of poly(acrylic-co-acrylamide).43 These microgels
carry a negative charge density and, above a critical number
of cationic groups carried by the peptides, the latter accumulate
at the microgel–solution interface. On the contrary, peptides of
lower charge density diffuse through the whole microgel. In
order to test the validity of the proposed model, we inspected
POM-post-loaded PEM films by means of confocal Raman
microspectroscopy. This technique allows in-depth chemical
profiling of micrometric coatings.44 (PAH-HA)10 films having a
thickness of about 150 nm in the dry state42 could not be
addressed with this technique for in-depth profiling. Therefore
we built up (PAH-HA)90 films having a thickness of about
2.5 mm in the dry state as derived from cross-sectional SEM
views (Fig. 5). One can observe from SEM views that the films
display a smooth and thick morphology, which renders them
particularly suitable to 2-D and in-depth chemical mapping/
Fig. 3 Adsorption isotherm of {P5W30} onto/into (PAH-HA)10 PEM
films as measured by the absorbance at 230 nm after 24 h of contact. The
surface concentration of immobilized POM was derived from absorbance
values by means of eqn (1) (see Experimental section).
Fig. 4 ATR-FTIR spectra of a (PAH-HA)30 film before (black) and
after (red) 24-h contact with a 1.2 6 1024 M {P5W30} solution. The
surface was rinsed with acetate-NaCl buffer before acquisition of the
spectra. The spectrum of the film put in contact with the polyoxoanion
containing solution (red spectrum) was calculated taking the spectrum of
the pristine (PAH-HA)30 film (black spectrum) as a reference, meaning
that negative bands in the red spectrum would correspond to film
erosion.
This journal is  The Royal Society of Chemistry 2012 RSC Adv.
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profiling by means of confocal Raman microspectroscopy in
order to establish the spatial distribution of the immobilized
POM.
Although the incorporation of {P5W30} into thin (PAH-HA)10
films was achieved within 24 h for all the investigated
concentrations (Fig. 2), nothing indicated that 24 h treatment
of thicker (PAH-HA)90 films with POM solutions would be
sufficient to reach equilibrium. In particular, this information
was not accessible by means of UV-Vis spectroscopy, as for films
comprised of 15 layer pairs or more, the absorbance due to
incorporated {P5W30} reached values higher than 2.5, that is
beyond the linear response domain of the spectrophotometer.
Therefore we characterized films both after 24 h and after 7 day
treatments with {P5W30} solutions at different concentrations.
Let us first consider the Raman signatures of films obtained
after 24-h treatments (Fig. 6). First, one can note that all spectra
recorded on each film were highly reproducible, suggesting
chemical homogeneity of the surface. {P5W30} has a Raman
peak around 965–975 cm21, which is close to the peak of (PAH-
HA)90 films at 950 cm
21. The former was shifted downwards by
a few cm21 upon incorporation of the POM into the films, which
must result from the combined disruption of intermolecular
interactions in the reference powders, and the creation of new
interactions between embedded POMs and polyelectrolytes.
Inspection of the 900–1000 cm21 spectral region clearly reveals
differences in peak intensities depending on the POM solution
concentration (Fig. 7). It becomes evident that maximal amounts
of {P5W30} were immobilized at intermediate concentration
(1.2 6 1025 M). Moreover, {P5W30} was immobilized in clearly
detectable amounts whatever the concentration, as revealed by
the ubiquitous Raman peak or shoulder at 965 cm21.
We also followed the vertical distribution of {P5W30} within
(PAH-HA)90 films at one location of the surface, by recording
the Raman spectra every 0.1 mm across the film section. The
compositional in-depth profile was established by plotting the
evolution of the Raman intensity for the two characteristic
PAH-HA bands (at 1140 and 1360 cm21), and for the band at
965 cm21 related to {P5W30} (Fig. 8). As expected, the depth
profiles of the PAH-HA peaks at 1140 and 1360 cm21 are exactly
superimposed for each film, and very similar for all films. The
film thicknesses can be derived from the depth profiles by
considering their width at half-maximum. We determined that
the investigated (PAH-HA)90 films had thicknesses between 3.5
and 4 mm. Although these values are a bit higher than the values
derived from SEM cross-sections (Fig. 5), both techniques are
rather consistent, considering the fact that Raman measurements
are performed in air, that is, with less dehydrated films than in
the vacuum conditions required for SEM analysis.
For all concentrations, the respective distribution profiles of
{P5W30} and the PAH-HA matrix are mostly superimposed,
confirming that POM immobilization proceeded via diffusion-
driven loading of the POM into the films, not simple surface
adsorption. However, the distribution profiles are not strictly
superimposed as the profile of {P5W30} is shifted outward from
the PAH-HA profile, showing that the POM did not diffuse
homogeneously throughout the film structure: the close vicinity
Fig. 5 SEM cross-sectional view of a (PAH-HA)90 film in the dry state
after 7-day immersion into a 1.2 6 1024 M {P5W30} solution. The cross-
section of the untreated (PAH-HA)90 film has an average thickness of
2.5 mm (not shown here).
Fig. 6 Raman spectra of (PAH/HA)90 films treated with {P5W30} at
various concentrations during 24 h. The corresponding reference spectra
of native (PAH/HA)90 films and pure {Na–P5W30} powder are also
shown. For each film, 3 spectra recorded at 3 different locations are
shown. All spectra relative to (PAH-HA)90 films were normalized with
regards to the 1000–1200 cm21 spectral region. Spectra of different
samples were shifted in intensity for the sake of clarity. Arrows indicate
the positions of the specific Raman peaks of {P5W30}.
Fig. 7 Focus on the spectral region between 900 and 1000 cm21 of the
spectra shown in Fig. 6. The spectra relative to the various PEM films
were superimposed in order to facilitate their comparison.
RSC Adv. This journal is  The Royal Society of Chemistry 2012
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of the substrate remained depleted, while the film surface was
enriched in {P5W30}, possibly within the form of a dense layer of
0.5–1 mm in thickness. This observation strongly supports the
existence of the barrier effect inferred from UV-vis measure-
ments with (PAH-HA)10 architectures. One can note that the
most homogeneous loading obtained after a 24 h treatment was
obtained at the intermediate concentration of 1.2 6 1025 M,
consistently with the maximal loading detected by UV-vis (Fig. 2
and 3) and by Raman spectroscopy (Fig. 7).
We further investigated the homogeneity of POM loading
after prolonged treatment in order to determine the durability of
the barrier effect. Firstly, one can see that (PAH-HA)90 films
obtained after 7 day treatments were homogeneous in the plane
of the films for all the investigated {P5W30} concentrations, with
strictly superimposed 2-D distributions of the PEM matrix and
the POM (Fig. 9). Secondly, the in-depth distribution of {P5W30}
perfectly superimposes with that of the PEM matrix, showing
homogeneous loading of the films, for the 1.2 6 1026 M
concentration only, while for higher concentrations a slight
enrichment of the outer film boundary in {P5W30} remains. This
finding supports the persistence of a POM-rich barrier at the
film–solution interface (Fig. 10). The absence of surface
enrichment at the lowest concentration is consistent with the
corresponding highest film loading deduced from {P5W30}
Raman intensities (Fig. 11).
Raman spectroscopy analyses after 7 days of treatment with
the POM solutions clearly point out a prolonged barrier effect
hindering the penetration of the polyoxoanions into the films at
the highest investigated concentrations in POMs, while at lower
concentration, the initial strong barrier effect detected at 24 h
disappeared in the meantime, allowing maximal loading of the
film with the POM. One can note, however, that even for the
highest concentrations, 7 day treatments led to homogeneous,
although minimal, loadings. Moreover, comparing the Raman
intensities of the {P5W30} peak and the PAH-HA peak at
950 cm21 (Fig. 7 and Fig. 11), one can note that, as expected, the
amounts of POM embedded into the films are significantly
higher whatever the concentration after 7 days of treatment than
after 24 h of treatment with the POM-containing solution. This
shows that the barrier effect, although strongly hindering the
diffusion of POM, did not totally block it. Therefore, we can
reasonably assume that at highest concentrations, the films did
not reach equilibrium even after 7 days.
Fig. 8 In-depth profiles of the Raman intensities at 1130 cm21 and
1360 cm21 (signature of PAH-HA films), and at 965 cm21 (signature of
{P5W30}) obtained at one typical location of (PAH-HA)90 films treated
with {P5W30} solutions at various concentrations for 24 h, and then dried
in air. All profiles were normalized in intensity to facilitate their
comparison.
Fig. 9 2-D chemical mappings of the POM (965 cm21; red) and the
PAH-HA matrix (1360 cm21; green) performed by confocal Raman
microspectroscopy over (PAH-HA)90 films put in contact for 7 days with
{P5W30} solutions at various concentrations, then dried in air. Films
were scratched by means of a needle (dark areas) prior to imaging in
order to distinguish them from the substrate.
Fig. 10 In-depth profiles of the Raman intensities at 1360 cm21
(signature of PAH-HA films), and at 965 cm21 (signature of {P5W30})
obtained at one typical location of (PAH-HA)90 films treated with
{P5W30} solutions at various concentrations for 7 days, then dried
in air. All the profiles were normalized in intensity to facilitate their
comparison.
This journal is  The Royal Society of Chemistry 2012 RSC Adv.
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Conclusions
In summary, our results show that, in a rather counter-intuitive
manner, optimal loading of active species (such as POMs) in
PEM films may be achieved at low concentrations better than at
high concentration. This is due to the surface enrichment in
active species, generating a durable barrier at high concentration,
blocking the penetration of the POMs from the solution into the
films. This duration of this effect seems itself to depend on the
POM concentration in a non-monotonous manner. The barrier
effect leads to inhomogeneous in-depth loading. Such inhomo-
geneous distributions of colloids diffusing in PEM films has been
observed in the case of single-walled carbon nanotubes diffusing
in PDADMAC-PAA architectures.39 In this case the accumula-
tion of nanotubes at the film–solution interface was attributed to
their anisotropic shape. This, however, should not be the case for
{P5W30} having a flattened-sphere shape (Fig. 1). We rather
attribute the reduced surface immobilization of {P5W30} at
highest concentrations to the external deposition of a compact
POM layer, probably due to the strongly attractive electro-
static interactions between polyanionic {P5W30} and polycatio-
nic PAH. Inhomogeneous distribution of POMs across PEM
architectures may offer interesting properties for optical and
sensing applications. A way to change the distribution of the
POMs through the thickness of the films would be to perform
experiments in which {P5W30} would be dissolved in buffer of
different ionic strengths which will induce a dynamic response of
the films, namely swelling or deswelling phenomena.45
Experimental section
Chemicals: Sodium hyaluronate (HA, MWvis 420 kDa) was
purchased from Lifecore Biomedical (Chaska, MN, USA).
Poly(allylamine hydrochloride) (PAH, MWvis 70 kDa, Cat.
No. 28,322-3) was purchased from Aldrich. Both polyelectrolytes
were used without further purification and dissolved at a
concentration of 1 mg mL21 in a 0.15 M NaCl solution. The
pH of this solution was close to 6 and to 8 for HA and PAH
respectively. All aqueous solutions were prepared from ultrapure
water (Milli Plus, Millipore, Billerica, Massachusetts, USA).
The polyanion salt Na15[P5W30O110]?31H2O ({Na–P5W30})
was synthesized according to the literature40 and dissolved in
10 mM acetate buffer (pH 4) complemented with 0.15 M NaCl
(‘‘acetate-NaCl buffer’’). {Na–P5W30} was dissolved at concen-
trations ranging from 2.4 6 1027 to 2.4 6 1024 M. POM-
containing solutions were prepared freshly prior to each
experiment.
Adsorption substrates: The PEM films were deposited atop
quartz slides (46 1 cm2, Thuet, Blodelsheim, France) for UV-vis
spectroscopy, confocal Raman microspectroscopy and scanning
electron microscopy (SEM). The PEM films used for thickness
determination by means of ellipsometry were deposited onto
silicon wafers (Siltronix, Archamps, France, resistivity: 1 6 1023
to 5 6 1023 V cm). All substrates were cleaned by immersion in
a piranha solution (1 : 2 v/v mixture of H2O2 30% and H2SO4
98%) for 30 min, and then rinsed with ultrapure water.
PEM films buildup and POM post-loading: PAH and HA
were deposited alternatively onto the substrates during 5 min,
either manually in the case of PEM films intended for UV-vis
experiments, or with a dipping machine (DR3, Riegler &
Kirstein, Germany) in the case of PEM films intended for
confocal Raman microspectroscopy and scanning electron
microscopy. Consecutive adsorption steps were always separated
by a rinsing step with the NaCl electrolyte. Once the buildup was
completed, each PEM film was rinsed with NaCl solution and
finally with acetate-NaCl buffer, prior to immersion for a
duration Dt in a {P5W30} solution.
Ellipsometry: Single wavelength ellipsometry (Horiba Jobin
Yvon, PZ2000, Longjumeau, France) was used to measure the
thickness evolution of (PAH-HA)n PEM films over the buildup.
The measurements were performed at a constant wavelength (l =
632.8 nm) and at constant angle of incidence (70u). The films
were dried under a stream of nitrogen before the measurement
and rehydrated with the 0.15 M NaCl solution for continuation
of the buildup. Each thickness value represents the average over
5 measurements. We also used ellipsometry to monitor changes
in thickness after 24 h of contact with {P5W30} solutions at
2.4 6 1024 M or 2.4 6 1026 M. For these measurements, PEM
films were rinsed with acetate-NaCl buffer after incubation in
POM solution and dried with nitrogen. We assumed all films to
be homogeneous and isotropic having a refractive index of
1.465 (at l = 632.8 nm). The measurements following POM
incorporation were only semi-quantitative since the POM is
expected to increase the film refractive index.
UV-vis spectroscopy: The spectrum of the substrate covered
with a (PAH-HA)10 film was recorded over the wavelength
domain 200–700 nm with an mc2 spectrophotometer (Safas,
Monaco) and was taken as the baseline. The quartz slide covered
with the (PAH-HA)10 film was then immersed in the {P5W30}
solution. Regularly, the quartz slide was removed from the POM
solution, rinsed in acetate-NaCl buffer and dried under nitrogen.
The spectrum of the film was then measured and the absorbance
A at l = 230 nm was used to derive the surface concentration C
in immobilized POM from Beer–Lambert law:
C = A/(2e) (1)
Fig. 11 Raman spectra of (PAH/HA)90 films treated with {P5W30} at
various concentrations during 7 days. For each film, 3 spectra recorded
at 3 different locations are shown. Spectra of different samples were
shifted in intensity for the sake of clarity.
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with e the molar extinction coefficient at the wavelength l
resulting from the calibration experiment (Table 1). The factor 2
in eqn (1) accounts for the fact that the PEM film is deposited on
both sides of the quartz slide. After measurement of the
absorption spectrum, the film was rehydrated in the acetate-
NaCl buffer and reintroduced in the {P5W30} containing buffer.
This protocol allowed us to follow the kinetics of POM
permeation into the PEM film.
ATR-FTIR spectroscopy: we used an Equinox 55 spectro-
meter, Bruker, Wissembourg, France. The experiment consisted
to deposit the PEM films onto a trapezoidal ZnSe crystal
(Graseby-Specac, Orpington, UK) fitted into a flow-through
cell. The polyelectrolyte solutions as well as the rinsing solutions
were injected by means of a peristaltic pump. The transmission
of the evanescent wave through the length of the trapezoidal
crystal was acquired after the deposition of every three pairs
of layers by accumulating 512 interferograms at a spectral
resolution of 2 cm21. For this experiment, polyelectrolytes were
dissolved in Tris/NaCl buffer made from D2O (99.9 atom% D,
ref. 530867, Sigma-Aldrich). The spectrum of the (PAH-HA)30
film (slightly thinner than the penetration depth of the
evanescent wave from the ZnSe crystal into the film) was
subtracted from that of the same film obtained after contact with
the {P5W30} solution (1.2 6 10
24 M during 24 h) in order to see
if the characteristic bands of the film (amide I, amide II and
polysaccharides) did not decrease due to film erosion.
Raman spectroscopy: (PAH-HA)90 films were built up onto
5 6 1 cm2 quartz substrates, then immersed for 24 h or 7 days
into {P5W30} solutions at various concentrations (1.2 6 10
24 M;
1.2 6 1025 M; 1.2 6 1026 M) and then dried under nitrogen
prior to characterization by confocal Raman microspectroscopy.
One pristine film without treatment with POM was characterized
as a reference. Raman measurements were carried out in air by
using a confocal Raman microscope composed of a Raman
spectrometer (LabRam HR by Jobin-Yvon Horiba with a
600 lines mm21 grating) coupled to a microscope (Model
BX41, Olympus) with xyz mapping stage via optical fibers.
The excitation of Raman scattering was operated with a helium-
neon laser at a wavelength of 632.8 nm. The laser beam was
focused on the sample by means of a 6100 microscope objective.
A confocal pinhole of adjustable diameter placed before the
entrance slit was used to reject Raman signal from out-of-focus
planes.
The Raman signature of each film was recorded within the
range 600–1600 cm21 at three different locations of the substrate.
For these measurements, the confocal pinhole diameter was fixed
at 1000 mm, which sets the spatial resolution (optical slice
thickness) at about 16 mm, that is thicker than the films, thus
allowing to analyze the whole film depth in a single measure-
ment. Raman spectra with good signal-to-noise ratio were
recorded with an integration time of 240 s.
We also followed the in-depth distribution of POM within the
films at one location of the surface, by recording Raman spectra
every 0.1 mm across the film section. For these measurements, the
confocal pinhole diameter was fixed at 100 mm, setting the spatial
resolution at the lowest accessible value of 1–2 mm.
Scanning electron microscopy: Morphologies of (PAH-HA)90
films put into contact, or not, with a {P5W30} solution (1.2 6
1024 M) for 7 days were investigated by SEM using a Quanta
FEG 200 ESEM from FEI. For top view imaging of the surface,
samples were observed directly without any conductive coating.
For cross-section observations, samples were simply broken.
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